ABSTRACT Dormant potato tubers (Solanum tuberosum L.) of two cultivars were treated with various concentrations of ethylene gas for various exposure periods. As has been shown by others, ethylene caused a rapid but transient increase in respiration rate, which appeared to be independent of any effects on dormancy. All concentrations tested caused accelerated sprouting, 2 microliters per liter being the most effective. Ethylene exerts a dual effect on potato tubers: it markedly shortens the duration of rest, but it inhibits elongation of the sprouts during extended treatment. Comparing these results with published work on seeds, bulbs, and corms suggests that ethylene must have a significant but as yet unexplained role in rest and dormancy. However, since the most effective ethylene treatment did not equal the response elicited by treatment with ethylene chlorhydrin, other factors must also contribute to termination of rest.
The initiation of sprouting in potato tubers is accompanied by a variety of biochemical changes which are usually reflected in changes in hormonal concentration, respiration rate, and the onset of nucleic acid synthesis and cell division and enlargement (16, 21, 24-26, 30, 31) . A number of reports have supported the hypothesis that the rest period in potato tubers is regulated by gibberellins and ABA (24, 26, 30) . However, the significance of other hormones, particularly of ethylene, has not been investigated adequately.
That ethylene is an endogenous growth hormone for plants and a potent growth regulator is well established (1, 23) , but its role in the dormancy of potatoes and other plant organs has remained unclear. The older works on potato present conflicting evidence (4, 5) , and there has been little clarification in recent work. Terminating dormancy in freshly harvested potatoes is an important practical problem, to which much attention has been given, and many chemical treatments have been tried (5, 22) . Rosa (28) was first to try ethylene; concentrations of 10, 200 , and 1000 ,ull were applied for 28 days giving substantial increases in the stand obtained 1 month after planting. On the other hand, Denny (8, 9) tried ethylene, propylene, and acetylene at 1000 and 10,000 ,lll for 4 and 7 days and found them to be ineffective. In studies by Vacha and Harvey (32) , ethylene treatments with 1000 ,ul/l at 20 C for 6 days gave 'This investigation was supported in part by North Atlantic Treaty Organization Research Grant 541 to L.R. 2 On leave from Agricultural Research Organization, The Volcani Center, Bet Dagan, Israel. earlier sprouting and faster growth with some potato cultivars. Rosa (29) reported further tests with ethylene, using treatments of 455 and 2500 ,ul/l for 2, 3, or 4 weeks at 22 C; the 2-and 3-week treatments inhibited sprouting, whereas a 4-week treatment promoted sprouting (no difference between the concentrations was observed). In a better planned experiment with 800 ,1/1, ethylene accelerated emergence, especially in the shorter treatments. Another experiment with 500 1ul/l gave improved sprouting; propylene was as good or better.
Denny reported (8) (9) (10) that certain chemical derivatives of ethylene (including ethylene chlorhydrin, ethylene dichloride, and trichloroethylene) were particularly effective in stimulating sprouting of freshly harvested tubers, but since they are not naturally occurring, these chemicals should not be confused with ethylene in evaluating their physiological roles (23) .
Other works describe ethylene as an inhibitor of sprouting in potato (18) . During studies on the effect of ethylene on potato metabolism, Huelin (17) had noted effects on the sprouts, and when Elmer (11, 12) reported that emanations from ripe apples and pears caused inhibition of sprouting and abnormal sprouts, Huelin realized that the ripe fruits must be producing ethylene gas, the explanation of Elmer's observations. Barker (2) introduced ethylene into commercial scale field storage piles; ethylene reduced sprouting initially, but the effect seemed to lessen as storage was prolonged. On the other hand, when Furlong (13) took old potatoes from a field pile and stored them at 7 C in an atmosphere of about 100 ,d/l ethylene for several additional months, sprouting was retarded.
Effects of ethylene on potato respiration under carefully controlled conditions have been reported recently (27) . Since the earlier studies of effects of ethylene on potato sprouting are conflicting and most experiments were conducted with unphysiologically high concentrations of ethylene, long exposure times, and sometimes poorly controlled conditions, it was decided to re-examine this problem.
MATERIALS AND METHODS
In one experiment potato tubers (Solanum tuberosuim L. cv. Russet Burbank) were harvested at Tulelake, California, 110 days after planting and cleaned with a soft brush. Triplicate samples, averaging 2.8 kg in weight and consisting of 19 carefully selected tubers, were placed in 25-liter metal chambers, which were ventilated continuously with about 10 liters air/hr. All operations were conducted in rooms controlled at 20 C. The relative humidity in the chambers was 68 to 72%. After 3 days storage (during which time the respiration rate stabilized), the tubers were treated for 72 hr with ethylene or ethyene chlorhydrin. The ethylene, in concentrations of 0, 0.02, 0.2, 2.0, and 20 ,l/l, was supplied continuously in a gas stream from a pressure cylinder through a reduction valve and appropriate capillary flowmeters. The final concentrations of the gas were verified with flame-ionization gas chromatography. Res-piration was determined by measuring the concentration of carbon dioxide in the sample effluent using the colorimetric method of Claypool and Keefer (7) . For the ethylene chlorhydrin treatments, the air flow through the sample containers was discontinued. The chemical (0.6 ml/l) was placed in a small dish in each container, and the containers were sealed for 72 hr. The regular air flow was restored after the ethylene chlorhydrin was removed.
The rate of sprouting (Table I) , derived from the data of Figure 1 , was determined according to the method of Harrington (15) . It was calculated as follows:
NIT, + N2T2 + N3T3 *-. + NnTn Rate N, + N2 + N3 + N.
wherein N1 equals the number of tubers sprouted at time T1; N2 equals the increase in number of sprouted tubers observed between T1 and T2, etc. This formula gives a value for rate of sprouting in mean days and is the reciprocal X 100 of Kotow- ski's formula (20) .
In another experiment 'White RoEe' potato tubers from the same region were used. After harvest the tubers were washed and dried in air. Later handling procedures were similar to those of the first experiment; 10 Figure 1 . After a time lag of only a few hours, the respiration rate of ethylene-treated tubers increased rapidly and reached a peak after about 28 hr. The height of the respiratory peak was proportional to ethylene concentration over the range 0.02 to 2 ul/l, but the peak at 20 ,ul/I concentration was somewhat lower than that at 2 /l/l. Interestingly, the initiation of the respiratory rise occurred almost simultaneously, irrespective of concentration. The rate of respiration of 'White Rose' tubers ( Fig. 2) was similar for all concentrations of ethylene investigated in the experiment. However, the magnitude of the response was markedly greater with 'White Rose' than with 'Russet Burbank'. The rapid response to ethylene by treated tubers is indicated by the increased respiration detected after only 8 hr treatment (Fig. 3) . Maximum rates were obtained by 24 hr, although longer exposures led to progressively higher rates of respiration even after the ethylene treatment was terminated.
Effect of Ethylene Treatment on Sprouting of Potato Tubers. Figure 4 and Table I Sprouting in the controls was typically delayed over the entire period of the experiment. In 'White Rose' tubers, sprouting was markedly accelerated by ethylene chlorhydrin and less so by ethylene. Sprouting of 'White Rose' tubers treated with 2 and 10 ,ul/l ethylene was similar over a 28-day period; thereafter those treated with 2 p1/l ethylene sprouted slightly faster (Fig. 5) .
In an experiment to determine the effect of the duration of exposure to ethylene on sprouting, treatment for as short a period as 8 hr (Fig. 6 ) was found to stimulate sprouting; maximum effect of ethylene was achieved after a 24-hr exposure to ethylene. Continuous treatment with ethylene completely inhibited sprouting, but after treatment was discontinued, sprouting ensued at a rate apparently identical to that in tubers (Fig. 3) but inhibited sprouting. The respiration rate of control tubers remained low throughout these experiments, so it appears that ethylene effects on sprouting and respiration are independent. It is of interest, in this connection, that Burton (6) reported that the respiration rate of tubers falls during the storage period and increases only after sprouting begins. Therefore, despite the rapid respiratory response to ethylene, it is unlikely that termination of rest period is linked to respiration.
From the experimental findings, it is clear that sprouting is promoted by short (up to 72 hr) exposures to ethylene. On the other hand, exposure to the gas inhibits sprout elongation when already elongating sprouts are treated for as little as 72 hr with concentrations as low as 2 ,ul/l. Hence it may be that both extended and short term ethylene treatments terminate rest, but that long term exposures to ethylene inhibit bud elongation, even though the rest is broken. This speculation is supported by the observation that tubers sprouted rapidly when transferred from continuous ethylene treatments to air. It may be concluded, therefore, that ethylene exerts a dual effect on potato tubers; it markedly shortens the duration of rest, whereas it inhibits elongation of the sprouts.
The significance of these results for an understanding of the regulation of the rest period is not clear. Burton (4) (14) and seeds (3, 19) . Considering that the effect of ethylene on dormancy of potatoes is elicited by relatively low concentrations of the gas (as low as 0.02 41/1) and short exposures (8 hr) , failure to detect a significant change in ethylene production does not preclude the possibility that ethylene plays a significant role in regulating dormancy.
